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This  study  investigates  the  economics  of  a  wind  power  farm  with  a  long-term  market  perspective,  con¬ 
sidering  high  shares  of  wind  energy,  constraints  set  on  the  energy  variability,  and  the  removal  of  support 
schemes  such  as  feed-in  tariffs.  The  contractual  agreement  with  a  compressed  air  energy  storage  facility 
(CAES)  would  create  a  hybrid  wind-storage  system  that  would  allow  a  wind  power  operator  to  reduce 
the  intermittency  of  its  output  and  to  provide  flexibility  to  the  system.  The  study  gives  a  market  value 
to  the  wind  power  at  a  project  level  of  several  gigawatts  capacity  located  in  France,  by  using  a  technical 
and  economic  optimization  model.  Results  indicate  the  cost  of  balancing  the  intermittency  for  the  wind 
operator  and  show  that  under  baseline  conditions,  the  hybrid  wind-storage  system  would  have  nega¬ 
tive  profits  despite  price  arbitrage  operations  and  ancillary  services  provided  to  the  system.  Alternative 
tests  show  that  the  economics  can  improve  when  the  influence  of  the  wind  power  on  the  spot  price  is 
accounted  for.  The  study  is  focused  on  the  long  term  market  situation  in  France,  which  is  characterized  by 
increased  balancing  needs,  an  ageing  infrastructure,  uncertainties  in  carbon  and  gas  prices,  and  increased 
power  imports. 
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1.  Introduction 

The  objective  of  this  study  is  to  analyze  the  economics  of  wind 
power  within  a  long-term  market  situation,  where  wind  power 
generation  attains  a  large  share  of  the  demand.  The  wind  power 
technology  is  considered  mature  enough  for  removing  feed-in  tar¬ 
iffs  and  sale  obligations.  This  market  formulation  aims  at  evaluating 
the  wind  power  within  the  strategy  to  reduce  output  fluctuations, 
to  perform  price  arbitrage  and  to  provide  system  services.1 

The  deployment  of  renewable  energy  sources  (RES)  in  the  Euro¬ 
pean  Union  has  led  to  substantial  wind  power  generation,  but 
has  also  increased  the  concern  over  the  control  of  intermittent 
resources  fed  into  the  system.  Therefore,  large-scale  penetration 
of  wind  power  in  the  mid-long  term  will  require  moving  towards 
a  more  integrated  and  flexible  European  electricity  system  [2].  It 
is  estimated  that  increasing  the  share  of  wind  energy,  e.g.  more 
than  20%  of  the  load,  would  result  in  higher  system  costs  than 
for  including  conventional  generators.  These  costs  are  attributed 
to  additional  balancing  reserves  needed  to  ensure  system  reli¬ 
ability  and  to  avoid  network  congestion  [3].  The  share  of  the 
balancing  reserve  would  depend  on  each  operating  system,  but 
could  attain  more  than  20%  of  installed  capacity  in  some  systems 
[4,5]. 

Among  techniques  envisaged  to  accommodate  large-scale  gen¬ 
eration  from  renewables,  electricity  storage  is  of  significant  interest 
for  system  operators  and  RES  developers.  In  addition  to  balanc¬ 
ing  services,  storage  could  provide  a  wide  range  of  services,  such 
as  price  arbitrage,  grid  congestion  absorption,  reactive  power 
provision  and  electric  supply  capacity  [6,7].  However,  its  competi¬ 
tiveness  with  other  forms  of  flexibility  -  for  example  gas  turbines  - 
is  rather  weak  under  current  market  conditions,  because  generally 
the  benefits  that  can  be  provided  by  a  storage  facility  are  valued  at 
a  lower  price  than  its  investment  and  operation  cost  [8].  Storage 
has  to  perform  several  functions  to  be  cost  effective  [9,10]. 

In  this  study,  a  hybrid  power  plant  composed  of  wind  farm  and 
a  compressed-air  storage  facility  is  considered.  The  storage  facil¬ 
ity  supports  the  balancing  needs  of  a  wind  farm  and  can  optimally 
be  charged  with  wind-based  electricity  and  grid-supplied  power. 
The  contractual  arrangement  is  hybrid  system-specific,  as  the  two 
technologies  are  not  in  competition  and  benefits  are  aggregated 
between  them.  Technically,  the  wind  power  fluctuations  are  lev¬ 
elled  through  storage  to  ensure  load-following.  The  wind  farm 
is  capable  of  meeting  the  grid  and  demand  specifications  without 
depending  on  back-up  capacities.  Economically,  in  line  with  the 
hybrid  concept,  power  can  be  transmitted  to  the  grid  by  either  the 
wind  or  the  storage  component  of  the  hybrid  plant.  Internally  to  the 
hybrid  plant,  the  storage  facility  receives  an  infeed  of  wind  power 
at  zero  cost.  This  infeed  from  wind  typically  occurs  when  sales  to 
the  TSO  are  less  profitable  or  during  low  demand  periods,  as  the 
inflows  and  outflows  of  power  are  determined  according  to  a  set  of 
cost-efficiency  criteria. 

As  this  hybrid  system  is  not  available  yet,  this  study  investigates 
the  way  to  use  and  design  the  wind-storage-transmission  system 
within  the  strategy  to  control  the  wind  power  intermittency  ( Fig.  1 ). 
Given  the  storage  support,  the  wind  farm  can  react  through  storage 
to  market  prices.  The  interesting  point  of  the  study  becomes  the 
evaluation  of  the  wind  power  on  different  power  market  segments, 
such  as  the  wholesale  market  and  the  balancing  mechanism.  This 


1  System  services  are  all  services  provided  by  a  system  operator  to  all  users  con¬ 
nected  to  the  system.  Some  users  provide  some  system  services  that  are  ancillary  to 
their  production  or  consumption  of  energy.  These  system  services  are  called  ancil¬ 
lary  services.  Eurelectric  [1]  gives  a  detailed  definition  of  ancillary  services.  The 
current  study  makes  reference  to  ancillary  services,  more  precisely  to  frequency 
control  and  standing  reserves. 


Fig.  1.  Configuration  of  the  wind-storage-transmission  system. 

paper  gives  an  overview  of  the  existing  market  options  and  of  the 
market  size  that  such  a  system  can  realistically  respond  to. 

A  scenario  for  large-scale  wind  penetration  is  built  at  a  sys¬ 
tem  level  based  on  a  local  project  consisting  of  2  GW  of  on-shore 
wind.  The  wind  intermittent  profile  is  based  on  real  generation  fig¬ 
ures,  and  mathematical  hourly  model  is  applied  to  maximize  the 
wind-storage  system  profits  during  one  year.  The  case  study  is  per¬ 
formed  based  on  the  French  power  market,  where  several  elements 
could  limit  the  implementation  of  additional  back-up  capacities, 
including:  the  high  share  of  nuclear  generation  (75-80%),  a  rela¬ 
tive  over-capacity  situation,  and  base-load  inflexibility.  Currently, 
French  balancing  needs  are  met  through  hydro  and  fossil-fuel 
power  plants,  but  in  the  longer  term,  higher  wind  power  generation 
will  create  additional  demands  on  system  flexibility  [11]. 

A  brief  description  of  the  operating  electricity  markets  and  their 
flexibility  needs  are  presented  in  Section  2.  The  wind-storage  sys¬ 
tem  and  the  assessment  framework  are  presented  in  Section  3. 
Simulations  of  the  proposed  scenarios  with  respect  to  the  power 
pricing  evolution  and  future  market  organization  are  analyzed  in 
Section  4.  The  main  results  of  the  study  are  provided  in  Section  5. 

2.  Flexibility  operations  in  a  competitive  electricity  market 

This  section  introduces  basic  notions  and  mechanisms  to  under¬ 
stand  how  the  power  market  segments  interact,  and  highlights  the 
balancing  market  and  the  needs  for  reliability  in  the  presence  of 
wind  power  fluctuations. 

Flexibility  needs  occur  since  unused  electricity  cannot  be  easily 
stored  to  balance  between  supply  and  demand.  Consequently  a  bal¬ 
ancing  between  supply  and  demand  is  necessary  at  all  times  within 
a  control  area.  This  requires  the  procurement  and  the  settlement 
of  complex  services  to  adjust  the  system,  by  contracting  power  on 
several  market  segments.  One  key  factor  for  defining  these  trans¬ 
actions  is  the  time  frame  for  delivery.  Typically,  the  power  trade 
taking  place  before  delivery  is  performed  on  the  forward  market. 
In  the  short  run,  forward  energy  can  be  traded  in  the  day-ahead  or 
spot  market  24  h  before  delivery,  in  intraday  markets  functioning 
within  the  day,  or  in  real-time  in  the  balancing  market  functioning 
within  the  hour  [3]. 

The  main  function  of  the  balancing  market  is  to  counteract 
imbalances  by  the  day-ahead  transactions.  The  demand  side  of  this 
market  is  made  up  of  transmission  system  operators  (TSO),  and 
on  the  supply  side  the  participants  include  electricity  producers 
and  consumers.  To  prevent  blackouts,  fast  generation  capacities 
have  to  be  ready  to  operate  as  reserves  before  real-time.  They  can 
be  procured  through  the  balancing  market.  The  need  of  flexibility 
is  not  the  same  as  need  of  reserves,  since  a  part  of  the  net  load 
variation  can  be  forecasted.  Most  of  the  flexibility  needs  are  met 
by  the  on-line  generators.  To  prevent  disruptive  events,  reserves 
are  called  upon  to  restore  the  balance  of  the  power  system.  These 
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reserves  are  categorized  normally  by  the  time  scale  required  for 
intervention.2 

From  a  contractual  point  of  view  most  of  the  flexibility  is  pro¬ 
vided  on  the  day-ahead  and  real-time  markets  using  the  capability 
of  the  on-line  generators  to  adjust  their  energy  deliveries.  And 
when  on-line  generators  are  not  sufficient,  additional  support  can 
be  used  through  the  reserve  market  for  procuring  ancillary  ser¬ 
vices  and  contractual  reserves.  All  these  elements  are  part  of  the 
balancing  mechanism.  These  transactions  cover  the  real-time  mar¬ 
ket,  by  payments  for  the  delivery  of  balancing  services,  and  the 
reserve  market,  by  additional  capacity  availability  payments  on  a 
longer-term  basis  through  bilateral  contracts,  compulsory  provi¬ 
sion,  tendering  or  spot  market.  The  market  for  ancillary  services  has 
been  more  clearly  identified  since  the  recent  liberalization  of  the 
power  market  in  Europe  and  the  separation  between  network  and 
generation  activities.  This  market  is  however  tightly  linked  with 
the  energy  market,  since  a  generator  can  make  the  choice  to  allo¬ 
cate  its  supply  as  an  ancillary  service  or  as  energy.  This  depends 
on  its  technical  criteria  but  also  on  the  rules  of  electricity  mar¬ 
kets. 

The  evolving  structure  of  the  power  market  requires  that  the 
market  for  ancillary  services  adapt  to  new  factors  such  as  environ¬ 
mental  pressure,  higher  energy  prices,  ageing  infrastructure,  higher 
competition  and  new  technologies  [12].  New  renewable-based 
generators,  like  wind  power  turbines,  add  new  service  require¬ 
ments  given  the  variable  nature  of  the  resource. 

An  indicator  of  the  contribution  to  the  system  reliability  is  the 
capacity  credit.  It  is  usually  expressed  as  a  share  of  the  installed 
capacity  of  the  generators  installed.  It  is  system  dependent  and  for 
wind  generation  ranges  between  10%  and  35%.  Given  the  resource 
intermittency,  the  capacity  credit  declines  as  the  share  of  wind- 
based  electricity  supplied  increases.  The  amount  by  which  the 
system  must  raise  its  generation  capacity  is  referred  to  as  stand¬ 
by  capacity  or  back-up  capacity  or  system  reserves  [4].  The  impact 
of  the  intermittency  on  the  system  depends  on  many  factors  includ¬ 
ing: 

•  the  quality  of  wind  resource  and  the  aggregation  of  wind  plant 
output, 

•  the  robustness  of  the  grid  and  the  balancing  areas, 

•  the  market  structure  and  the  gate  closure  time  (the  end  of  the 
day-ahead  market  and  the  beginning  of  the  real-time  market). 

For  instance,  the  smaller  the  capacity  credit,  the  higher  the 
back-up  capacity  needed  to  maintain  the  system  reliability.  Power 
systems  face  different  balancing  needs,  depending  on  the  degree  of 
flexibility  in  their  generation  structure. 

In  Germany,  where  fossil-fuel  power  plants  are  predominant, 
the  existing  power  stations  would  be  large  enough  to  provide  the 
extra  balancing  power  capacities  for  36  GW  of  wind  power  (20%  in 
the  power  generation)  that  are  likely  to  be  installed  in  2015  [13]. 
This  will  incur  however  an  opportunity  cost  as  the  extra  costs  for 
withholding  those  balancing  plants  from  covering  the  demand  on 
the  wholesale  market. 

By  contrast,  in  United  Kingdom,  which  is  not  connected  to  UCTE 
(the  Union  for  the  Coordination  of  Transmission  of  Electricity),  the 
additional  conventional  capacity  required  during  demand  peaks 


2  Primary  reserves  are  used  to  manage  short-term  load  fluctuations,  with  a 
response  time  within  30  s.  Secondary  reserves  are  used  to  restore  the  scheduled 
load-flows  between  control  areas  and  to  cope  with  outages  in  generation  or  trans¬ 
mission.  Activation  starts  immediately  after  a  disturbance  and  secondary  reserves 
must  reach  their  full  level  of  provision  within  5  min.  Tertiary  reserves  are  used  to 
restore  and  support  secondary  reserves.  Tertiary  reserves  should  be  fully  available 
15  min  after  activation.  Due  to  the  response  time,  primary  and  secondary  reserves 
need  to  be  running  (or  spinning),  whereas  tertiary  reserves  do  not. 


would  amount  to  15-22%  of  installed  intermittent  capacity  [4,5]. 
While  in  France,  wind  capacities  higher  than  8-10  GW  (9%  of  the 
power  generation)  would  require  an  additional  500  MW  of  reserve 
capacities  or  further  grid  extensions  [14]. 

In  conclusion,  the  provision  of  stand-by  capacities  is  the  main 
factor  to  manage  the  effect  of  variable  generation  from  wind  power. 
This  is  particularly  necessary  in  systems  with  low  flexibility  (i.e. 
low  ramp  rates  and  high  start-up  times  of  capacities)  or  in  systems 
with  some  flexible  but  ageing  power  plants.  In  the  case  of  large- 
scale  penetration  of  wind  power,  additional  requirements  could  be 
imposed  on  wind  power  generators  to  offset  variable  generation 
with  supply  flexibility  to  the  system,  necessary  to  stabilize  voltage 
and  frequency  [15]. 

In  France,  the  provision  of  energy  and  ancillary  services  is  not 
mandatory,  neither  for  wind  power  plants  nor  for  other  genera¬ 
tors.  In  the  future,  this  arrangement  could  change  with  the  current 
contraction  of  the  current  over-capacity  and  the  increase  in  wind 
power  penetration.  These  aspects  are  further  detailed  in  the  fol¬ 
lowing  sections. 

3.  Case  study  framework 

3. 2 .  Market  description 

France  has  the  second  largest  wind  potential  in  Europe.  Despite 
the  large  share  of  nuclear  power  in  the  electricity  production  (78%), 
there  is  a  strong  emerging  wind  energy  market:  the  installed  wind 
capacity  increased  from  757  MW  in  2005  to  3500  MW  in  2008.  The 
share  of  renewables  in  electricity  generation  was  about  14%  in  2009 
and  may  increase  to  more  than  23%  of  the  French  electricity  demand 
by  2020  [16]. 

Electricity  generation  is  largely  dominated  by  one  company, 
EDF,  which  owns  around  85%  of  the  total  generators.  In  the  year 
2000,  a  wholesale  market  was  launched  which  handled  finan¬ 
cial  transactions  via  the  Powernext  platform  (essentially  day-ahead 
market)  and  also  bilateral  contracts,  OTC  (over  the  counter).  The 
wholesale  market  is  developing  fast  and  represents  more  than 
40%  of  the  flows  on  the  French  market.  Despite  developing  orga¬ 
nized  markets,  OTC  negotiations  dominate  the  market  with  93% 
of  contracts  on  the  forward  market  and  30%  on  the  spot  mar¬ 
ket  [17].  Typically,  power  volumes  negotiated  via  OTC  contracts 
are  not  known,  and  the  only  public  information  is  the  volume 
physically  delivered.  The  balance  between  flows  of  injections  and 
withdrawals  is  ensured  through  the  adjustment  mechanism  that 
aims  at  setting  competition  between  participants  for  ensuring  reli¬ 
ability  and  security  of  supply.  The  French  TSO,  RTE  (Reseau  de 
Transport  d’Electricite)  obtains  through  this  adjustment  mecha¬ 
nism  balancing  services  via  spot  transactions  for  short  or  long 
positions  in  real-time,  and  buys  also  ancillary  services  via  bilateral 
contracts.  In  this  paper,  the  market  segments  that  are  evaluated 
are:  (1)  the  wholesale  spot  market,  (2)  the  balancing  mechanism 
related  to  the  day-ahead  and  intra-hour  adjustment,  and  (3)  the 
balancing  services  related  to  the  reserve  market:  the  secondary  and 
the  tertiary  reserves. 

The  regulation  of  intermittent  renewable  energy  is  ongoing  and 
has  as  starting  point  the  experience  gained  in  islands,  such  as  Cor¬ 
sica,  Guadeloupe,  Guiana,  Martinique,  Mayotte  and  Reunion  Island. 
For  instance,  the  Ministry  of  Environment  launched  in  2009  a  call 
for  tender  for  photovoltaic  (PV)  energy  systems  under  the  con¬ 
straint  for  generators  to  control  the  intermittency  of  their  power 
flows  in  the  above  regions  [18].  To  that  the  endowment  of  PV  gen¬ 
erators  with  storage  systems  is  mandatory.  The  sizing  of  storage 
should  attain  at  least  1  /  3  of  the  PV  capacity  to  can  ensure  a  variation 
of  the  PV  generation  lower  than  15%  of  the  nominal  power  of  the 
PV  plant  for  half-hour  time  steps.  The  PV-storage  system  should  be 
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also  able  to  provide  primary  reserves  as  high  as  10%  of  the  power 
generated.  Such  constraints  aim  to  stabilize  the  frequency  of  the 
system.  A  similar  context  is  designed  in  the  current  study  assum¬ 
ing  large-scale  of  intermittent  energy  in  the  metropolitan  France 
where  constraints  could  be  set  on  the  generators  to  limit  the  power 
fluctuations  and  ensure  the  frequency  management. 

3.2.  Hybrid  system  description 

The  study  assumes  that  the  on-shore  wind  farm  is  located  near 
a  storage  site,  suitable  for  the  implementation  of  a  compressed  air 
energy  storage  facility  (CAES).  However,  this  joint  location  is  not  a 
necessity  if  sufficient  grid  capacity  is  in  place  between  the  storage 
facility  and  the  wind  farm.  Geological  details  for  salt  structures  and 
cavern  fields  in  France  can  be  found  in  Gillhaus  [19],  and  projects 
for  wind  farms  development  are  documented  by  RTE  [11].  For  the 
study  purpose,  a  large  wind  farm  was  selected  to  be  connected  to  a 
CAES  application  and  to  one  or  several  injection  points  of  the  TSO. 
The  study  time  frame  is  2030,  which  is  set  considering  the  current 
installed  capacity,  the  wind  penetration  rate  speed,  and  national 
and  regional  targets  for  RES  integration.  From  a  technical  point  of 
view,  the  year  modeled  assumes  both  technologies  are  in  a  mature 
development  stage. 

For  wind  turbines,  the  investment  costs  amount  to  955€/kW 
and  operation  and  maintenance  costs  to  24€/kW.  The  wind  farm 
capacity  is  2  GW,  and  the  yearly  capacity  factor  is  2300  equivalent 
full  load  hours  (or  26%).  The  technical  life  time  is  20  years. 

The  storage  technology  chosen  is  sized  to  match  the  wind 
farm  needs  for  back-up  capacity  and  to  provide  ancillary  services 
to  the  system.  A  detailed  description  of  CAES  technologies  and 
further  references  can  be  found  in  [20].  The  CAES  project  con¬ 
siders  capacities  for  production  of  1200  MW  and  for  compression 
of  1440  MW,  with  an  energy  storage  capacity  of  lOh.  The  study 
assumes  that  1.21  kWh  of  electricity  is  produced  and  4644  kj  of 
natural  gas  consumed  for  each  kWh  of  electricity  stored,  giving 
a  round  trip  efficiency  in  terms  of  electricity  of  121%.  The  invest¬ 
ment  cost  assumed  is  625€/kW  in  2010,  to  which  a  reduction  of 
15%  is  applied,  due  to  assumed  progress  from  R&D  programs  and 
increased  experience  which  results  in  learning  effects.  The  techni¬ 
cal  life  is  30  years. 

The  economic  lifetime  of  the  wind-storage  project  is  assumed 
to  be  20  years. 

The  transmission  line  connects  the  project  to  the  rest  of  the  sys¬ 
tem.  The  total  transmission  capacity  of  the  hybrid  system  is  set  to 
2000  MW  under  the  assumption  that  no  bottleneck  occurs.  The  way 
the  hybrid  power  plant  is  modeled  and  the  data  required  to  valuate 
it  are  described  in  Section  3.3. 

3.3.  Model  framework 

The  wind-storage  project  is  modeled  so  that  the  storage  facil¬ 
ity  ensures  firm  capacity  to  the  wind  farm.  The  storage  charging  is 
modeled  to  optimally  select  between  wind-based  electricity  and 
grid-supplied  power.  The  operation  of  the  wind-storage  system 
is  simulated  by  using  a  computation  model,  which  dynamically 
optimizes  the  hourly  operation  over  a  year,  given  its  technical  con¬ 
straints.  Details  of  an  earlier  version  of  the  model  can  be  found  in 
Gatzen  [6].  The  model  is  deterministic  and  aims  to  maximize  the 
annual  profit  of  the  hybrid  wind-storage  system,  under  the  assump¬ 
tion  that  the  two  technologies  are  not  in  competition  and  benefits 
are  aggregated  between  them. 

The  profit  is  computed  as  revenues  less  operating  costs,  given 
exogenous  hourly  wholesale  and  balancing  power  prices,  hourly 
wind  infeed  profiles  and  the  ability  to  select  which  power  services 
are  provided  in  an  hour. 


The  system  can  choose  either  to  store  the  electricity  or  to  pro¬ 
vide  it  to  the  TSO  under  the  constraint  of  load-following  provision. 
Hourly  fixed  demand  is  represented  by  the  load  curve  of  the  French 
demand,  being  modeled  as  a  fraction  set  at  0.9%  of  the  domes¬ 
tic  demand  in  order  to  obtain  an  annual  supply  (4.5  TWh)  roughly 
equal  to  the  annual  wind  inflow  (4.6 TWh).  The  local  demand  is  a 
synthetic  curve  built  for  this  exercise  in  order  to  simulate  the  load 
fluctuations  as  reflected  by  the  aggregated  national  load  curve.  In 
this  way,  the  model  can  deal  with  both  hourly  load  and  wind  power 
fluctuations. 

The  annual  wind  output  is  split  optimally  on  an  hourly  basis 
between  the  provision  of  the  fixed  hourly  demand  and  the  possi¬ 
bility  to  store  the  electricity.  The  last  option  depends  on  the  wind 
inflow,  the  demand  magnitude  and  the  capacity  to  store  the  power 
at  that  moment.  By  levelizing  the  wind  output  through  storage, 
the  load-following  avoids  wind  power  fluctuations,  so  that  the  sys¬ 
tem  supplies  power  continuously,  and  the  TSO  avoids  providing 
additional  back-up  capacities  during  low  wind  infeed  periods. 

The  hourly  demand  is  calibrated  against  the  total  French 
demand  and  includes  a  fixed  demand  for  base-load  demand  and 
for  balancing  intermittency  to  represent  the  behavior  of  the  sys¬ 
tem  as  a  whole.  In  addition  to  meeting  the  demand  load,  the  hybrid 
system  can  act  freely  to  supply  the  wholesale  market  through  price 
arbitrage  and  on  the  reserve  market.  The  probability  of  calling  the 
wind-storage  system  is  fixed  over  the  year  along  with  the  capacity 
reserved  for  this  market. 

The  degree  of  freedom  to  act  on  these  markets  after  meeting 
the  fixed  demand  is  set  by  the  call  probability  for  ancillary  ser¬ 
vices,  and  the  volume  of  energy  stored.  The  electricity  stored  in 
the  CAES  facility  originates  from  the  wind  power  generation  and 
the  withdrawals  from  the  grid  during  off-peak  periods.  When  the 
wind  inflow  exceeds  the  demand,  the  excess  is  stored  in  the  CAES 
facility.  Even  during  peak  periods,  this  excess  is  stored  too,  and 
power  can  still  be  delivered  to  the  TSO  through  the  CAES  turbine, 
since  the  charge  and  discharge  cycles  are  assumed  to  be  decoupled 
over  time. 

Investments  in  wind  and  storage  are  not  a  decision  variable  in 
the  model,  as  capacities  were  specified  exogenously.  Profits,  as  rev¬ 
enues  less  operating  costs,  are  aggregated  between  the  wind  and 
the  storage  operators.  Revenues  result  from  hourly  wholesale  price 
arbitrage  and  production  of  electricity  for  secondary  and  tertiary 
reserves.  Costs  are  considered  in  terms  of  their  variable  and  fixed 
components  (see  Appendix  A).  Variable  costs  account  for  start-up 
costs,  fuel  consumption  (gas  in  the  case  of  CAES),  and  for  the  vari¬ 
able  costs  of  filling  the  storage,  storing  the  electricity  and  delivering 
the  electricity  to  the  grid.  Fixed  costs  account  for  the  fixed  annual 
operating  and  maintenance  costs,  and  for  the  investment  costs. 
These  costs  are  annuitized,  taking  account  of  economic  lifetimes, 
the  construction  times,  and  the  capital  finance  and  discount  rate 
(10%). 

The  economics  of  the  project  is  assessed  by  calculating  the  net 
present  value  (NPV),  which  gives  a  uniform  value  (€/MWh)  over 
the  economic  lifetime  of  the  system.  The  analysis  considers  that  the 
project  operates  identically  during  all  lifetime  years  with  respect  to 
the  generation  and  market  choices.  The  NPV  provides  a  composite 
value  defined  by  cash  inflows  and  outflows,  investment  costs,  and 
the  system’s  discounted  net  generated  electricity: 

ELi  [(^t  -  CSrt  -  OPEXtW  +  0*1  -  INV o 
ELiI^/O  +r)‘] 

where  t  is  the  year,  T  the  economic  life  in  years,  REV  the  annual 
revenue  from  the  sale  of  electricity  and  ancillary  services,  CST  is  the 
annual  cost  of  electricity  withdraw  from  the  grid  and  stored,  OPEX 
is  the  annual  operating  expenditure,  JiW0  is  the  total  investment 
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cost,  EG  is  the  annual  electricity  sold  on  the  market,  and  r  is  the 
discount  rate.3 

3.4.  Data  description 

Market  conditions  represent  the  French  power  market,  includ¬ 
ing  the  wholesale  market,  the  adjustment  mechanism  for  balancing 
short  and  long-positions,  and  ancillary  services.  The  databases  for 
the  hourly  demand  cover  the  year  2009  and  are  issued  from  ENTSOE 
publications.4  The  annual  demand  assumed  for  the  project  amounts 
to  4.5  TWh,  with  a  peak  load  of  850  MW.  From  the  supply  side,  the 
wind  profile  is  derived  from  real  data  on  wind  power  generation 
from  the  German  market  in  the  control  area  where  the  German 
utility  E.ON  operates  in  2007.5  The  wholesale  market  is  described 
through  the  spot  price  for  1  h  time  step,  with  data  from  2009  pub¬ 
lished  on  the  Epexspot  site.6 

The  French  balancing  systems  undertaken  on  the  wholesale 
market  includes  both  upward  and  downward  regulations  [17].  The 
wind-storage  plant  is  used  in  this  analysis  to  regulate  the  upward 
demand  only,  since  the  downward  position  corresponds  to  a  virtual 
(contractual)  excess  supply  of  one  generator.  That  generator  might 
find  efficient  to  generate  the  whole  contracted  power  volume  and 
to  avoid  shut-down  costs  and  eventual  penalties,  while  contracting 
directly  with  the  wind-storage  operator.  This  arrangement  would 
add  additional  assumptions  to  this  hypothetical  project.  Therefore 
the  balancing  mechanism  is  limited  to  upward  regulation,  where 
the  payment  takes  place  at  the  day-ahead  price.  Other  services 
could  be  provided  on  this  market,  like  regulation  for  congestion 
avoiding.  This  market  is  still  limited  as  volume,  and  benefits  would 
be  difficult  to  evaluate,  given  the  lack  of  data. 

As  for  the  balancing  mechanism  taking  place  on  the  reserve  mar¬ 
ket,  this  makes  the  computation  frame  more  complex,  given  the 
lack  of  transparency  of  payment  conditions  and  the  difficulty  to 
estimate  the  future  needs  for  ancillary  services.  System  services 
in  France  are  contracted  through  bilateral  contracts,  usually  for 
3  years,  with  payments  for  capacity  availability  (€/MW)  and  for 
positive  (+€ /MWh)  or  negative  regulation  ( -€ / MWh).  The  storage 
facility  is  assumed  to  provide  four  ancillary  services  for  upward  and 
downward  regulation  for  each  secondary  and  tertiary  reserves  [10]. 

Capacity  payments  are  made  by  the  TSO,  regardless  of  whether 
the  plant  is  called  to  increase  or  decrease  energy  output.  Hourly 
capacity  prices  are  set  as  a  function  of  on-peak  and  off-peak  peri¬ 
ods  respectively:  6€/MW  and  12€/MW/h  for  upward  secondary 
reserve;  6  € /MW  and  3  € /MW/h  for  downward  secondary  reserve; 
4€/MW  and  8  € /MW/h  for  upward  tertiary  reserve;  and  5€/MW 
and  3€/MW/h  for  downward  tertiary  reserve.  For  a  comparative 
purpose  see  data  for  Denmark  in  Ekman  and  Jensen  [21]  and  for 
Germany  in  BNetzA  monitoring  reports  [22]  (Table  1). 

If  the  reserves  held  by  the  storage  plant  are  called,  energy  pay¬ 
ments  are  also  made  by  the  TSO’s  to  the  hybrid  station.  Prices  apply 
as  margins  to  the  wholesale  price.  These  services  are  more  costly 
than  wholesale  power:  since  prices  and  volumes  are  often  fixed  for 
a  long  time,  this  usually  entails  higher  transaction  costs  to  prevent 
against  changes  of  market  conditions.  The  margin  set  in  this  model 
for  the  secondary  reserve  is  25%  for  off-peak  periods  and  50%  for 


3  When  the  NPV  indicator  of  a  project  equals  zero,  the  stream  of  income  enables 
the  investor  to  exactly  recover  the  project’s  investment  costs  during  the  economic 
lifetime  of  the  project,  taking  into  account  the  financing  cost  of  the  investment. 
A  negative  value  for  the  NPV  indicator  shows  the  additional  value  required  for 
each  unit  of  generated  electricity  in  order  for  the  investor  to  exactly  recover  the 
project’s  investment  and  financing  costs.  A  positive  value  for  the  NPV  indicates  that 
the  project  nets  an  economic  profit  over  its  economic  lifetime. 

4  www.entsoe.eu  (website  last  accessed  on  20/09/2010). 

5  www.bdew.de  (website  last  accessed  on  05/09/2009). 

6  www.epexspot.com  (website  last  accessed  on  20/09/2010). 


Table  1 

Hourly  capacity  payments  for  secondary  and  tertiary  reserves  (€/MWh). 


Reserve 

Off-peak 

On-peak 

Secondary 

Positive 

6 

12 

Negative 

6 

3 

Tertiary 

Positive 

4 

8 

Negative 

5 

3 

peak  periods;  while  for  tertiary  reserve  is  10%  for  off-peak  periods 
and  30%  for  peak  periods.  These  margins  apply  to  both  upward  and 
downward  reserves.  Tariffs  account  also  for  the  difference  between 
night  and  day  pricing. 

The  probability  of  calling  the  wind-storage  system  for  providing 
reserves  is  set  at  15%  for  the  secondary  reserves  and  at  2%  for  the 
tertiary  reserve.  These  numbers  were  calibrated  against  the  total 
national  reserve,  so  that  the  wind-storage  system  supplies  realistic 
power  volumes.  Power  storage  is  assumed  to  offer  5%  of  the  tur¬ 
bine  capacity  for  upward  reserve  and  5%  of  the  injection  capacity 
for  downward  reserve,  for  both  secondary  and  tertiary  reserves.  In 
absolute  terms,  this  means  that  up  to  60  MW  of  the  CAES  capacity 
may  be  used  to  provide  upward  reserve  and  up  to  70  MW  down¬ 
ward  reserves. 

3.5.  Scenarios  definition 

Three  scenarios  are  built  around  assumptions  set  on  potential 
wind  power  development  and  market  rules.  The  reference  case 
presents  the  economics  of  the  wind-storage  project  valuated  at  the 
current  market  price.  Two  alternative  scenarios  were  also  tested 
for  different  evolutions  of  the  price  and  the  price  spread  between 
on-  and  off-peak  periods.  Both  wind  and  storage  technologies  are 
affected  by  the  price  evolution  and  its  spread;  on  the  other  hand, 
they  both  can  reduce  the  price  if  their  infeed  is  large  enough  to 
influence  the  market  [23,24]. 

The  reference  case  (REF)  assumes  a  system  with  large  scale  wind 
penetration  in  France  with  major  changes  in  the  current  regulation 
in  terms  of  flexibility  requirements.  Currently,  French  law  provides 
no  obligation  for  generators  to  participate  in  frequency  and  voltage 
control.  Still  some  technical  conditions  are  put  on  the  new  gener¬ 
ators  on  their  ability  to  participate  in  ancillary  services  provision 
[25].  For  the  primary  control,  they  have  to  be  able  to  participate 
if  their  capacity  exceeds  40  MW  and  their  contribution  should  be 
superior  to  2.5%  of  their  capacity.  For  the  secondary  reserve,  the 
threshold  is  set  to  120  MW  and  the  contribution  to  4.5%.  This  reg¬ 
ulation  does  not  apply  to  intermittent  energy  sources;  therefore 
wind  power  generators  are  excluded  from  primary,  secondary  and 
tertiary  control. 

In  the  long  term,  the  wind  technology  is  expected  to  be  mature 
enough  to  compete  with  conventional  generators.  Therefore,  for 
large  wind  infeed  quantities,  the  wind  power  plants  will  likely  pro¬ 
vide  reserves  to  compensate  for  supply  fluctuations  as  required 
for  PV  generators  in  the  French  islands  [18].  Simultaneously,  the 
wind  power  could  be  placed  in  a  market  context  and  be  subject  to 
variations  of  the  market  price.  Currently,  renewable  investments  in 
France  are  largely  driven  by  support  schemes  such  as  feed-in  tar¬ 
iffs.  In  this  scenario  the  efficiency  of  the  investment  in  real  market 
conditions  is  tested.  Therefore  the  feed-in  tariff  is  removed  so  that 
the  project  can  be  evaluated  within  a  scheme  based  on  wholesale 
power  prices. 

Under  flexibility  requirements  constraints,  a  wind  project  of 
several  GWs  would  be  required  to  have  back-up  capacities.  Since 
wind  and  conventional  generation  are  rarely  closely  connected  to 
each  other  in  the  grid,  the  option  of  investing  in  storage  facility 
appears  convenient.  Other  aspects  could  add  to  the  necessity  to 
compensate  for  the  intermittent  nature  of  the  wind  power  such  as: 
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Fig.  2.  Market  segments  supplied  during  two  winter  and  summer  days,  MWh.  Note:  SR-  is  the  power  subtracted  from  the  grid  as  negative  reserves,  SR+  is  the  positive 
reserve,  Extra_Arb  is  supplied  above  the  fixed  load,  Stor_D  is  the  power  supplied  by  the  CAES  to  meet  the  fixed  demand,  along  with  the  Wind  power  supply. 


the  forecasts  error,  the  location  of  wind  farms  in  areas  with  usually 
low  local  power  demand  and  low  population  density;  and  the  prob¬ 
ability  that  the  growth  of  the  wind  farm  capacity  would  exceed  the 
growth  of  the  transmission  capacity,  with  consequent  bottlenecks 
and  wind  curtailment  events. 

The  first  alternative  scenario,  named  Wind  Influence  on  the  Price 
(WIP),  estimates  the  economics  of  the  wind-storage  system  taking 
account  of  the  influence  that  the  large  wind  power  infeed  could 
have  on  the  spot  price.  Experience  and  analytical  demonstrations 
show  that  large  shares  of  wind  power  influence  the  electricity 
price.  EWEA  [26]  performs  a  state-of-art  and  reports  an  effect  range 
between  3  and  23€/MWh  in  the  merit  order  curve.  Qualitatively, 
high  wind  power  generation  would  lower  the  spot  power  price; 
while  during  low  wind  power  generation,  the  spot  price  would  tend 
to  increase  since  reserves  are  not  necessarily  ready  in  anticipation 
of  wind  inflow  drops  [27]. 

The  absolute  effect  of  wind  power  on  the  spot  price  is  uncertain. 
As  an  alternative  to  the  benchmark,  the  spot  price  is  increased  by 
20%  during  periods  with  low  wind  inflow  and  a  decrease  in  price  by 
20%  during  high  wind  generation  hours.  Additional  motivation  to 
run  this  test  is  the  use  of  different  data  basis,  e.g.  the  French  whole¬ 
sale  price  and  the  German  wind  profile.  Then  the  spot  price  vector 
is  not  correlated  to  the  wind  power  curve  and  does  not  account  for 
the  consequently  influences. 

The  scenario  raises  questions  around  the  issue  of  supplying 
cheap  energy  with  high  investment  cost.  This  relates  to  the  social 
value  of  wind  power  generation  that  would  require  that  consumers 
to  pay  less  for  their  consumption  but  would  have  them  paying 
higher  investment  costs  and  higher  energy  prices  when  the  wind 
does  not  blow. 

The  second  alternative  scenario,  named  the  Cost-Efficiency  case 
(EFF),  calibrates  the  NPV  indicator  of  the  wind-storage  project  and 
reports  values  and  conditions  under  which  the  system  becomes 
cost  effective.  The  way  the  demand  is  modeled,  by  calibration  on 
the  domestic  load,  limits  market  opportunities  for  the  wind-storage 
operator  to  supply  more  power  during  on-peak  times.  This  reflects 
a  constraint  put  on  the  resource  allocation  timing  with  only  limited 
possibilities  to  choose  for  the  moment  when  the  stored  power  is 
delivered.  Given  the  project  specificities  to  deliver  power  during 
critical  points  of  load,  the  importance  of  the  peak  prices  is  cali¬ 
brated  to  justify  the  project  from  economic  point  of  view.  However, 
from  a  technical  and  social  point  of  view,  the  scenario  launches  the 
debate  around  the  value  of  power  quality  and  delivery  security  in 
the  French  market;  and  on  ways  the  power  system  can  socialize  the 
value  of  energy  independency  and  climate  change  prevention. 

The  national  power  regulating  commission,  CRE,  noticed  a  corre¬ 
lation  between  the  French  power  price  and  the  gas  price,  even  if  the 
domestic  marginal  generation  is  mostly  based  on  coal  and  rarely  on 
gas  [17].  The  CRE  explains  the  correlation  through  increased  import 
flows  during  on-peak  periods  from  interconnected  countries  such 
as  Germany  (based  largely  on  fossil-fuel  generation),  even  when 


the  power  price  is  lower  on  the  French  market.  One  of  the  expla¬ 
nations  is  the  lack  of  liquidity  of  the  French  power  market.  On  the 
other  hand,  in  a  fully  integrated  market,  this  price  increase  would 
be  simply  the  result  of  different  trade-off  opportunities  where  the 
equilibrium  price  is  triggered  up  by  demand-supply  system  at  a 
regional  level.  However,  the  consequence  is  the  increase  in  the 
French  price  spread  under  the  influence  of  prices  of  oil,  gas  and 
C02.  The  decrease  in  reserve  capacities  on  the  French  market  in  the 
long  term  could  add  to  this  spread,  along  with  the  concerns  over 
the  energy  independency  and  security  of  supply. 

4.  Results  and  discussion 

4.2.  Wind-storage  in  the  reference  case 

The  reference  case  includes  results  of  the  total  profit  and  its 
main  components  related  to  the  wind-storage  operation  over  the 
year.  The  wind  and  storage  operations  are  performed  posteriori  to 
the  investment  decision.  The  decision  variable  is  the  annual  profit 
on  the  wholesale  market  and  the  balancing  market.  The  variable 
aggregates  the  hourly  profits  within  an  intertemporal  framework 
with  perfect  foresights  on  prices  and  load  variations. 

Incomes  are  mostly  taken  on  the  wholesale  market  where  the 
volume  supplied  is  more  important  than  on  the  reserve  market 
(80%  on  an  annual  basis).  A  higher  demand  for  ancillary  services 
would  increase  the  benefits  since  revenues  include  capacity  pay¬ 
ments  and  energy  deliveries  at  a  higher  price  than  the  spot  value. 
However,  at  a  local  level  the  demand  for  reserves  is  limited.  The 
capacity  of  1 20  MW  reserved  for  this  market  is  sized  to  the  national 
overall  demand.  In  France,  660  MW  of  secondary  control  reserve 
and  1000  MW  of  tertiary  reserve  are  held,  being  distributed  among 
potential  generation  units  located  all  over  the  country.  Therefore,  it 
is  unlikely  that  all  reserve  capacities  are  assigned  to  only  one  unit. 

The  annual  demand  is  calibrated  against  the  annual  wind  inflow. 
A  higher  demand  is  technically  feasible  but  it  implies  withdrawals 
from  the  grid  to  compensate  for  the  difference  between  load  and 
wind  inflow,  which  would  transfer  the  fluctuations  to  the  rest  of 
the  system.  Lower  demands  tend  to  favour  the  storage  profitability 
as  less  constraint  is  put  on  the  wind  power  supplied  directly  to  the 
grid;  then  more  storage  opportunities  would  appear  at  zero  costs, 
with  a  higher  degree  of  freedom  to  act  on  the  market  segments. 

The  trade-off  between  different  markets  depends  on  the  load 
and  hourly  prices  (demand-side),  and  on  the  wind  inflow,  the  stor¬ 
age  capacity  and  the  volume  stored  at  the  hour  before  the  delivery 
(supply-side).  A  time-series  representation  of  the  generation  by 
market  segments  over  the  course  of  one  day  is  shown  in  Fig.  2. 

Market  conditions  are  defined  with  respect  to  value  drivers 
such  as  the  evolution  of  the  spread  of  wholesale  electricity  prices 
between  peak  and  off-peak  periods,  the  share  of  the  storage  capac¬ 
ity  sold  on  the  reserve  market,  and  the  payments  for  the  capacity 
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Discharge  Compression  — x —  Spot  Price 

Fig.  3.  The  operation  of  CAES  during  a  24  h  period. 


availability  for  reserve  provision.  Technically,  the  CAES  facility  does 
not  saturate  the  storage  capacity  as  the  intertemporal  computa¬ 
tion  gives  visibility  to  the  future  market  opportunities  and  demand 
needs.  The  optimization  of  wind  power  between  the  delivery  to  the 
TSO  and  the  storage  option  favours  the  first  one  under  the  demand 
constraint,  shifting  to  the  second  one  only  once  the  first  demand  is 
met.  Wind  power  storage  occurs  only  in  situations  with  the  wind  in 
excess  of  the  load,  as  it  accounts  for  the  additional  costs  associated 
with  fuel  (gas)  needed  for  compression  and  from  the  power  losses 
from  charging  the  inflow. 

Fig.  3  shows  a  continuous  variable  discharge  flow,  even  dur¬ 
ing  base-load  periods  due  to  insufficient  wind  power,  and  a  higher 
rate  of  discharge  power  during  peak  times,  triggered  up  by  higher 
spot  prices.  The  storage  operator  would  act  differently  without  this 
demand  constraint,  and  would  prefer  to  concentrate  the  outflow 
during  on-peak  times.  The  constraint  adds  a  cost  to  the  project, 
which  is  the  balancing  price  due  to  fluctuations.  It  reflects  both 
the  intermittency  of  the  resource  and  the  limited  volume  of  the 
wind  power  supplied.  However,  social  and  system  benefits  can  jus¬ 
tify  the  political  support  for  the  wind  integration  that  the  industry 
experienced. 

Table  2  summarizes  some  of  the  simulation  results  and  shows 
the  incomes  and  the  optimal  split  of  power  supply  between  the 
different  market  segments.  Within  the  benchmark  configuration, 
the  project  records  a  negative  profit  value,  as  shown  by  the  NPV 
indicator  (-24 €/MWh).  Decomposition  by  elements  indicates  the 
high  share  of  investment  cost  in  the  total  income:  65%  for  wind 
power  plant,  25%  for  storage,  and  40%  for  variable  costs.  The  storage 
facility  is  closer  to  the  market  (NPV  =  - 1  € / MWh),  since  the  lifetime 
is  30  years  and  that  the  wind  power  stored  is  in  fed  at  zero  cost. 
If  the  storage  operator  should  pay  for  this  supply,  it  would  face 
high  costs,  as  a  high  share  of  the  power  stored  is  wind-based.  See  a 
discussion  on  market  choices  of  CAES  application  as  a  single  entity 
in  Loisel  et  al.  [8].  As  for  the  wind  power  plant  acting  as  a  single 
entity,  the  NPV  is  negative  given  the  high  investment  cost  related 
to  the  limited  volume  supplied,  i.e.  26%  of  the  capacity.  Within  the 
same  conditions,  a  capacity  factor  of  36%  would  be  necessary  to 
make  the  project  attractive,  which  in  exchange  would  add  even 
more  fluctuations  in  the  system. 

It  is  worth  noting  that  the  value  of  the  wind  power  plant  was 
higher  before  contracting  storage  -  computed  outside  the  model, 
as  a  single  entity  -  than  in  this  hybrid  system  (-17€/MWh  wind 
separately  compared  to  -24€/MWh  for  the  hybrid  plant).  The  dif¬ 
ference  could  be  seen  as  an  indicator  for  the  price  of  the  quality  of 
the  supply,  or  the  net  cost  of  balancing  the  intermittency  by  means 
of  a  CAES,  evaluated  roughly  as  an  annual  average. 

It  was  found  that  the  cost  of  balancing  is  lower  when  the  oper¬ 
ator  can  make  benefits  from  other  market  segments  like  price 
arbitrage  and  ancillary  services  provision.  A  storage  capacity  lower 
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than  1200  MW  would  be  high  enough  to  ensure  the  load  following, 
e.g.  600  MW  for  the  storage  turbine.  Higher  storage  is  still  preferred 
in  order  to  increase  profits  from  additional  market  opportunities. 
Other  benefits,  not  included  here,  are  implicit  to  this  continuous 
power  supply:  benefits  from  avoiding  error  predictions  that  in 
some  estimates  amounts  to  1 0%  of  the  total  wind  generator  incomes 
[28];  or  benefits  from  avoided  bottleneck  and  curtailment.  These 
could  be  also  significant  as  curtailment  could  amount  in  some  sys¬ 
tems  to  10%  of  the  wind  power  generation  [29]. 

4.2.  Alternative  scenarios 

Two  simulations  are  performed  and  discussed  around  the  spot 
price  evolution  (WIP  scenario)  and  the  price  spread  between  the 
on-peak  and  off-peak  prices  (EFF  scenario).  Results  are  summarized 
in  Table  2. 

4.2.1.  Wind  power  influence  on  the  spot  price  (WIP) 

This  scenario  makes  a  step  forward  related  to  the  benchmark, 
where  feed-in  tariffs  were  removed  and  wind  power  operator  was 
facing  real  market  prices.  In  this  test,  the  wind-storage  operator 
faces  a  set  of  price  volatility  that  the  wind  power  itself  generates  on 
the  spot  market.  The  influence  is  reflected  by  large-scale  wind  pen¬ 
etration  rates  where  the  supply  variation  should  be  large  enough 
to  influence  the  market. 

Prices  are  assumed  to  increase  by  20%  when  wind  power  inflow 
is  lower  than  10%  of  its  total  capacity;  and  that  prices  decrease  for 
wind  inflow  higher  than  80%  of  the  capacity.  Between  the  two  lev¬ 
els,  the  effect  on  the  price  is  linear  with  the  wind  inflow  trend.  These 
figures  have  a  testing  purpose,  since  no  relation  is  made  between 
the  wind  supply  and  the  remaining  structure  of  the  power  genera¬ 
tion  on  which  the  prices  depend  on.  Theses  assumptions  are  purely 
hypothetic;  however,  the  mechanism  is  based  on  historical  obser¬ 
vations  in  Germany,  Denmark  and  Belgium,  and  is  analyzed  in  more 
details  in  EWEA  [26]. 

Results  for  this  scenario  show  improved  values  of  NPV  as  com¬ 
pared  to  the  reference  case.  As  more  power  flows  are  traded  and 
more  opportunities  appear  for  price  arbitrage,  both  wind  and  stor¬ 
age  facilities  improve  their  economics.  These  findings  are  attributed 
to  the  storage  that  allows  the  operator  to  make  arbitrage  in  function 
of  the  price  volatility.  Otherwise,  the  wind  operator  alone  cannot 
choose  the  moment  of  delivery  related  to  the  price  level  and  its  NPV 
would  be  lower  than  in  the  reference  case.  Wind  power  has  indeed 
no  means  to  react  to  market  signals  and  this  is  one  of  the  reasons 
why  wind  power  generators  are  not  exposed  to  it  when  feed-in  tar¬ 
iffs  are  applied.  Market  signals  with  cap-and-floor  mechanism  like 
in  Spain  can  combine  both  schemes  by  partly  exposing  wind  power 
to  market  prices  while  guaranteeing  a  minimum  risk  covering  [23]. 

Decreasing  the  spot  price  during  high  wind  inflow  brings  ben¬ 
efits  to  the  system  and  consumers  due  to  lower  prices,  but  in  the 
same  time  it  decreases  the  income  for  the  wind  power  generator. 
This  acts  negatively  on  its  NPV,  as  the  volume  supplied  remains 
unchanged.  In  the  case  of  increased  spot  prices,  the  wind  power 
generator  could  benefit  from  higher  prices,  at  least  at  the  beginning 
of  its  supply  period. 

To  summarize,  the  positive  effect  of  the  wind  power  on  the  sys¬ 
tem  harms  the  economics  of  the  wind  power,  while  negative  effects 
tend  to  increase  its  value.  In  this  scenario,  the  net  effect  is  positive 
on  the  project  tested;  still  the  combination  of  wind  and  storage 
prevents  the  market  from  wind  power  fluctuations. 

4.2.2.  Price  spread  for  a  cost-effective  project  (Cost-Efficiency 
scenario,  EFF) 

This  scenario  tests  the  sensitivity  of  the  project  to  the  spot  price, 
and  calibrates  the  value  that  should  be  added  to  the  initial  price 
spread  to  make  the  project  profitable.  For  this  test,  two  load  periods 


are  defined,  such  as  the  base-load  covering  for  each  day  of  the  year 
the  period  from  0:00  am  to  1 0:00  am,  from  3:00  pm  to  7:00  pm,  and 
from  10:00pm  to  12:00  pm.  The  remaining  hours  are  here  defined 
as  higher  price  periods,  covering  the  semi-base  and  on-peak  peri¬ 
ods,  i.e.  from  10:00  am  to  3:00  pm,  and  from  7:00  pm  to  10:00  pm. 
The  average  price  is  of  35€/MWh  for  the  base-load  hours  and  of 
55€/MWh  for  semi-base  and  on-peak  periods. 

In  this  scenario,  the  additional  value  which  should  be  added 
to  the  initial  price  spread  to  make  the  project  cost-effective  is  in 
average  of  40  € /MWh.  This  value  appears  relatively  high  compared 
to  the  current  market  indicators  in  France.7  The  additional  spread 
value  should  be  put  in  the  perspective  of  future  trends  on  the  French 
market  and  more  generally  on  the  European  power  market.  The  fol¬ 
lowing  three  points  support  an  increasing  trend  of  the  price  spread: 
(1)  the  fuel  and  carbon  prices  influence;  (2)  the  internalization  of 
costs  for  energy  independency  and  security  of  supply;  (3)  and  the 
market  evolution  with  respect  to  the  decentralization  in  genera¬ 
tion,  the  reduction  of  over-capacity,  the  ageing  infrastructure,  and 
the  uncertainty  related  to  the  organization  of  ancillary  services 
markets.  These  points  are  expanded  upon  below. 

(1 )  The  price  spread  on  the  French  market  could  be  subject  to  sig¬ 
nificant  influences  from  increasing  carbon  and  fuel  prices.  The 
off-peak  load  in  France  is  met  by  nuclear  and  hydro  power 
plants,  and  the  peak  load  mostly  by  coal-fired  power  plants. 
This  implies  that  an  increase  in  the  carbon  price  would  affect 
the  on-peak  generation  only  and  would  increase  the  price 
spread.  This  effect  was  estimated  to  around  4€  or  22%  of  the 
power  price  in  2005,  a  year  when  emission  quotas  were  freely 
distributed  [30].  The  price  effect  is  naturally  lower  in  France 
than  in  neighbour  countries,  UK  or  Germany,  due  to  the  high 
proportion  of  non-carbon  intensive  technologies  employed  in 
the  French  generation  (nuclear  and  hydro/storage  hydro).  For 
costly  C02  allowances,  the  price  margin  could  increase  directly, 
as  a  domestic  generation-effect,  and  indirectly,  as  an  import- 
effect  from  neighbouring  countries.  An  increase  in  oil  and  gas 
prices  would  affect  the  power  price  on  the  French  market  due  to 
interconnected  countries  which  are  a  source  of  fossil-fuel  based 
imports  in  particular  during  on-peak  times  [17]. 

(2)  The  degree  of  influence  on  the  power  price  from  interconnected 
countries  is  related  to  the  degree  of  energy  dependency  of 
the  French  system,  defined  in  connection  with  the  availability 
of  capacities  during  on-peak  times.  With  concern  to  the  long 
term  security  of  supply,  rough  estimates  show  that  25TWh 
generated  from  around  10  GW  wind  capacity  would  increase 
the  France  level  of  energy  independency  by  1%  [31].  The  local 
project  tested  cannot  give  a  value  of  the  measure  of  the  energy 
independency  it  can  reduce.  A  more  integrated  assessment  per¬ 
formed  at  a  system  level  would  be  necessary.  Wind  connected 
to  storage  would  naturally  improve  this  indicator,  by  reduc¬ 
ing  the  share  of  import  flows  or  back-up  capacities  based  on 
imported  fuels.  This  type  of  benefits  could  partly  justify  the 
investment  cost  in  combining  the  two  technologies  that  could 
be  particularly  efficient  during  critical  peak-load  times. 

The  value  of  the  security  of  supply  is  also  difficult  to  estimate, 
since  tariffs  for  ancillary  provision  and  reserves  are  regulated 
or  fixed  through  bilateral  agreements.  The  lack  of  transparency 
on  this  market  often  sends  negative  signals  to  investors  as  no 
anticipation  on  the  market  behavior  can  be  made,  neither  on 


7  Other  studies  have  performed  similar  simulations  for  wind-CAES  projects  in 
USA.  They  show  that  CAES-wind  is  competitive  with  conventional  back-up  capaci¬ 
ties  for  a  carbon  price  of  35  USD/tC  or  128  USD/tC02  [33].  Anyway,  to  make  results 
comparable  among  studies,  a  common  definition  of  the  peak  and  off-peak  periods 
would  first  be  necessary. 
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the  peak  price  for  short  terms  or  on  investment  opportunities 
for  the  longer  term  [17].  This  concern  is  more  acute  in  a  context 
where  scarce  interconnection  capacities  limit  a  fully  integrated 
European  power  market  to  be  achieved  [32]. 

(3)  Liberalization  of  the  electricity  markets  raises  challenges  for 
the  market  organization  and  power  prices  evolution.  If  more 
centralized  markets  concentrate  trades  and  increase  market 
liquidity  [3],  the  decentralization  instead  would  decrease  the 
ability  to  optimize  the  use  of  capacities.  The  ageing  infrastruc¬ 
ture  in  generation  and  transmission  intensifies  the  debate  on 
the  future  power  infrastructure  in  France  and  the  capability 
to  meet  the  demand  without  significant  price  changes.  Uncer¬ 
tainty  on  the  future  price  spreads  relies  on  these  developments. 
A  better  conversion  of  technical  costs  into  the  market  prices 
could  follow  from  deregulation,  which  would  result  in  higher 
power  prices,  and  serve  to  encourage  development  of  innova¬ 
tive  solutions  to  improve  the  quality  of  the  power  supply. 

5.  Conclusions 

This  study  has  evaluated  the  economics  of  a  wind  power  farm 
in  France  with  a  long-term  market  perspective,  considering  high 
shares  of  wind  energy,  and  responsibilities  to  balance  the  inter- 
mittency  assigned  to  wind  generators.  The  study  investigates  the 
technical  and  economic  conditions  for  the  wind  operator  to  meet 
its  flexibility  needs  in  combination  with  a  compressed  air  energy 
storage  facility.  Main  results  are  as  follows: 

•  Under  the  current  power  pricing  system,  the  wind  operator 
would  record  a  net  present  value  of  -17€/MWh,  which  attests 
for  the  importance  of  guarantees  and  feed-in  tariff  schemes 
adopted  in  France. 

•  The  hybrid  wind-storage  system  shows  negative  profits  too, 
-24  € / MWh,  despite  an  optimization  behavior  that  the  local  sys¬ 
tem  adopts  to  supply  different  power  market  segments  additional 
to  balancing  provision:  price  arbitrage  and  ancillary  services. 

•  Alternative  tests  show  improved  economics  under  an  assumed 
influence  of  the  national  wind  power  generation  on  spot  prices. 

•  Finally,  an  additional  average  price  spread  of  40€/MWh  was 
determined  so  that  the  project  becomes  cost  effective,  mean¬ 
ing  an  increase  by  200%  in  average  from  the  current  spread  of 
20  € / MWh  between  base-load  hours,  and  semi-base  and  on-peak 
periods. 


The  power  market  tested  has  particularities  that  could  bene¬ 
fit  wind  power  through  large  price  spreads,  namely  a  high  share 
of  nuclear  power  setting  a  low  base-load  price,  and  a  coal-based 
generation  during  peak  times,  which  increase  the  on-peak  prices. 
Moreover,  fossil-fuel  based  imports  have  an  increasing  effect  on  the 
price  spread. 

The  main  issues  raised  in  this  study  include:  the  balancing  needs 
that  the  French  market  may  face  in  the  future,  the  value  of  the 
power  quality,  and  the  social  cost  of  the  supply  security  and  energy 
independency.  Either  to  expose  the  wind  power  to  market  price 
fluctuations  or  to  protect  it  through  regulated  schemes  remains 
a  complex  issue  in  front  of  the  deregulation  perspective  in  Euro¬ 
pean  power  markets.  Since  the  wind  power  cannot  react  to  market 
signals,  creating  balancing  market  signals  to  encourage  the  par¬ 
ticipation  of  intermittent  generators  is  unlikely  to  be  successful 
because  of  the  intermittency  of  the  output.  The  option  to  contract 
a  storage  facility  can  solve  imbalances,  while  offering  additional 
option  for  supplying  ancillary  services  and  power  quality  through 
a  continuous  peak-load  power.  The  storage  technology  should  be 
sized  to  fully  benefit  from  the  storage  of  excess  wind  power  during 
low  demand  periods.  This  is  particularly  valuable  in  areas  with  high 
wind  turbine  concentration  and  low  population  density. 

Uncertainties  in  the  future  balancing  market  in  particular  make 
it  difficult  to  estimate  the  system  value  from  power  quality,  based 
on  current  market  conditions  to  fulfill  security  and  independency 
criteria.  However,  along  with  the  decentralization,  different  market 
rules  and  designs  need  to  be  defined  with  respect  to  the  responsibil¬ 
ity  and  the  quality  of  the  delivery.  They  should  provide  the  correct 
market  signals  to  encourage  generators  and  system  operators  to 
innovate  and  to  diversify  the  supply  and  transmission  options.  The 
technology  combination  between  storage  and  wind  power  would 
meet  these  requirements.  Future  simulations  could  evaluate  the 
effect  of  load  shaving,  imports  reduction,  and  removal  of  back-up 
capacities  at  the  system  level,  which  are  important  factors  on  the 
economics  of  local  projects. 
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Appendix  A. 


Overview  of  selected  storage  and  wind  related  model  parame¬ 
ters. 


Technology 

Unit  size  (turbine/ 

Storage  (MWh) 

Fixed  O&M 

Start-up  costs 

Other  var  costs 

Depreciation 

Specific 

Cold  start-up 

compressor)  (MW) 

(€/ kWa) 

(€/  MW) 

(€/MWh) 

time  (years) 

Inv.  costs 

(€/MW) 

time  (h) 

CAES 

1200  1440 

12,000 

23.0 

15 

0.12 

30 

625,000 

0.4 

Wind 

2000 

24.0 

20 

925,000 

5012 
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